Abstract: Anther development in angiosperms culminates in the programmed cell death of specific tissues to facilitate the release of pollen. Despite a wealth of morphological descriptions of this process, there have been few reports on the regulation of dehiscence or the coordination of events between tissues. We have cloned an anther-specific tomato gene encoding a serine proteinase that is expressed during meiosis and late microsporogenesis. The conceptualized tomato meiotic proteinase (TMP) is a member of a family of genes that exhibit characteristics of mammalian proprotein convertases. To examine the role of TMP in microsporogenesis, we generated transgenic plants harboring an antisense construct of the gene. Some of these plants produced little or no detectable TMP, yet no phenotypic abnormalities were observed. Zymogram analyses revealed that multiple proteinases are present in mature anthers and that proteinase activity increases as development proceeds. Taken together, these data indicate that the role of TMP during microsporogenesis, if any, may be compensated for by other proteinases.
Introduction
Alternation of generations is a phenomenon exhibited by plants in which a diploid sporophytic generation and a haploid gametophytic generation are punctuated by the process of meiosis. In plants and many algae, a sporic meiosis leads to the production of microspores and megaspores, which will ultimately develop into the mature male and female gametophytes. Meiosis occurs within immature floral buds. Male meiosis occurs within anthers, and the four microspores that result from meiosis undergo mitosis and maturation events to generate pollen, the male gametophyte. Female meiosis occurs within the ovaries, and mitoses generate a seven-celled female gametophyte, the embryo sac. In the angiosperms, pollination occurs when pollen is deposited onto a receptive stigma. A pollen tube will germinate through the tissues of the stigma and the style and will fuse with the ovary wall. The two sperm of each pollen grain will participate in two distinct fertilization events. One of the sperm fuses with the egg to produce the diploid zygote and the other fuses with two polar cells to produce a triploid tissue called the endosperm. In general, the timing of the maturation of the pollen and the receptivity of the stigma to pollination are coordinated to facilitate self-pollination, although in some plants, the temporal coordination may be regulated to promote natural outcrossing.
Male meiosis and microsporogenesis are readily studied, as the anther is a simple organ containing several tissues. Anther development and the functions of these tissues have been recently reviewed (Goldberg et al. 1993) . In tomato, anthers are bilobed, with each lobe consisting of two locules that are laterally fused to each other by interlocking hairs (Chandra Sekhar and Sawhney 1984) . Each anther consists of three basic tissues. Outermost are several layers of cells that are collectively called the anther wall cells. These cells provide structural support for the tissue and also play a role in pollen dehiscence. The innermost cells of the anther comprise the sporogenous tissue, where pollen mother cells will undergo meiosis and develop into mature pollen. Surrounding the sporogenous tissue, there are one or two cell layers that are collectively called the tapetum. In some plants, the sporogenous tissue and the tapetum are derived from the same cell lineage; in others, from different lineages (Davis 1966) . Nevertheless, the development of both tissue types is highly coordinated, and the production of viable pollen absolutely requires that the tapetal cells function normally. In many male sterile mutants, tapetal cell dysgenesis is responsible for pollen abortion (Kaul 1988) . During the early development of the pollen mother cells, large cytomytic channels exist with the tapetal cells (Spitzer 1970) , which serve the role of nurse cells for the developing microsporocytes. The tapetum secrets materials that produce the exine of the pollen, and the characteristic sculpting of pollen from different species is believed to be due, in part, to the composition and assembly of tapetal-derived substances. The tapetal cells also secret enzymes that assist the development of the microsporocytes. For example, callase (β-1-3 glucanase) is secreted by the tapetum into the locule, where it assists in liberating microspores from tetrads, as it functions to hydrolyze the callose wall surrounding the tetrads (Stieglitz 1977; Bucciaglia and Smith 1994) . Lastly, as the tapetal cells undergo dysgenesis, their contents are released into the locule, where some undoubtedly play roles in pollen maturation.
The process of dehiscence, or pollen release, requires that mature pollen is produced at the appropriate time and that there is a coordinated breakdown of the tapetum and of some of the anther wall cells to effect release. In addition to callase, the tapetal cells also produce and secrete other hydrolytic enzymes (Koltunow et al. 1990; Taylor et al. 1997 ). The programmed cell death of the tapetal cells occurs primarily by an autolytic mechanism, as the cellular constituents undergo dramatic morphological changes (Polowick and Sawhney 1993) . During this process, the activity of cellulases, proteinases, and other hydrolytic enzymes likely play a role not only in tapetal cell death but also by targeting the circular cell cluster, the endothecium, and the stomium for apoptosis. At present, the cellular and molecular processes that initiate and coordinate these events are unknown.
We have previously described the maturation and secretion of a serine proteinase (LIM9) from Lilium longiflorum (Taylor et al. 1997) . LIM9 is synthesized primarily in the tapetum as a preproprotein. The protein undergoes proteolytic cleavage to release the N-terminal propeptide, acquires glycans, and is secreted into the anther locule, where it likely plays a role in pollen maturation and (or) dehiscence. Because L. longiflorum is not amenable to standard plant transformationregeneration techniques, we elected to explore the role of LIM9 by first cloning the tomato cognate of the gene. This gene, which we termed TMP (tomato meiotic proteinase), was used to generate transgenic plants expressing antisense RNA for TMP. We report here that the absence of TMP has no discernable effects on microsporogenesis and postulate that other proteinases compensate for this deficiency. 
Materials and methods

Plant and genetic materials
Nucleic acid manipulations
Screening of the genomic libraries and phage DNA purification were conducted as previously described (Jayawardene and Riggs 1994) . Positive clones were subcloned and subjected to automated DNA sequencing (Cortec DNA Service Laboratories, Kingston, Ont.). The TMP genomic clone is listed as GenBank accession LEU80583.
Total RNA was prepared from young tomato buds (3-6 mm long) as follows. Buds were flash frozen in liquid nitrogen, ground to a fine power, and quickly dispersed in a hot phenol solution (20 mM Tris (pH 8.0), 2% SDS, 50% phenol, 10 mM EDTA, at 80°C). The mixture was cooled to room temperature, centrifuged at 8000 × g for 10 min, and the aqueous phase collected and adjusted to 2 M LiCl. After overnight incubation at 4°C, total RNA was collected by centrifugation, resuspended in a small volume of 1× TE (10 mM Tris-HCl, 1 mM EDTA, pH 8.0), and ethanol-precipitated. The RNA was resuspended in sterile water and poly(A) + RNA was selected by employing the poly ATract system of Promega.
The TMP cDNA was cloned by a modification of reverse transcriptase (RT) PCR. Briefly, the poly(A) + RNA was subjected to reverse transcription using a primer specific to the 3′ end of the TMP gene (P3 = 5′-ACAGTAACACTGACGCCCAG-3′). Following reverse transcription, PCR was conducted after the addition of a second, forward primer (TMP forward = 5′-CCATTTTAACC-TTCATTGCCCTC-3′ ). This strategy generated a nearly full length cDNA: from two amino acids internal to the translation start codon to the last exon of the gene. This PCR product, termed pTMPcDNA, was cloned into pCR2.1 (Invitrogen). DNA sequencing and comparison with the genomic sequences confirmed both the intron-exon boundaries and the absence of mutations generated by PCR. The nucleotide sequence of the TMP cDNA is listed as GenBank accession AF181496.
RNA gel blot analysis
Total RNA was purified from young (buds 3-6 mm) and mature (buds 6-9 mm) anthers, leaves, stems, and roots, as described above, and 30-µg aliquots were subjected to formaldehyde-MOPS gel electrophoresis and transferred to HyBond N (Amersham), as described by Fourney et al. (1988) . The filter was prehybridized at 42°C in 50% formamide, 2× SSC (1× SSC: 0.15 M NaCl plus 0.015 M sodium citrate), 0.2% SDS, 10% dextran sulfate, and 1 mM EDTA. Hybridization probes ( 32 P) were prepared by randomprimed synthesis using the Oligolabelling™ kit of Pharmacia. After overnight hybridization, blots were washed at a final stringency of 0.2× SSC plus 0.2% SDS at 65°C and mounted for autoradiography.
Antisense gene construction and generation of transgenic plants
Approximately 200 ng of poly(A) + RNA was primed with genespecific primer 1 (GSP1 = 5′-TAACTAGCTTGTCTCCCGTC-3′) and reverse transcribed using Superscript II™ reverse transcriptase provided in the 5′RACE kit available from Gibco (Life Technologies, Bethesda, Md.). The kit protocol was followed exactly, and 5′RACE was effected by PCR with the provided anchor primer and a second gene-specific primer (GSP2 = 5′-GGCAGCAACAC-TTGTGATCC-3′). Amplification resulted in a product of 1.1 kbp, which was then subjected to cleavage with SpeI (site within the anchor primer, 3′ end is blunt from PCR) and cloned into the XbaIEcoRV sites of pBluescript II SK -(Stratagene, La Jolla, Calif.), to generate pTMP5′. The insert of this clone was released by restriction with HindIII-SacI, and inserted into a promoter subclone (pTMPpro) that had been linearized with HindIII-SacI. The pTMPpro plasmid contains a 1-kbp fragment of the TMP promoter cloned into the SpeI and HindIII sites of pBluescript II SK -. This ligation produced pTMPproTMP5′, a 2.1-kbp construct in which the antisense orientation of the 5′ end of the TMP cDNA is driven by the TMP promoter. The insert of pTMPproTMP5′ was released by digestion with XhoI and SacI, and cloned into the SalI-SacI sites of pBI101 (the SalI-SacI digestion releases the GUS gene, which is replaced by the antisense construct). The binary plasmid was used to transform Agrobacterium tumefaciens strain LBA4404 to kanamycin resistance.
Tomato cotyledon explants were transformed by the following protocol. Well-expanded cotyledons from approximately 10-dayold seedlings were cut both at the proximal and distal ends and placed on plates containing the precoculture medium (Murashige and Skoog medium (MS) + 2 mg/L benzyladenine (BAP) + 2 mg/L napthaleneacetic acid (NAA)). The plates were sealed with parafilm and kept at 25°C (16 h L : 8 h D photoperiod) for 3 days before agrobacterial infection. Cotyledons swollen in size (about twofold) after the 3-day precoculture were cut longitudinally and transferred to the A. tumefaciens culture. After 15 min, individual cotyledons were removed from the bacterial dilution, briefly blotted on a filter paper, and placed with the cut edges in contact with the coculture medium (MS + 1 mg/L zeatin + 0.1 mg/L NAA + 5 mg/L acetosyringone). The plates were sealed with parafilm and returned to the incubator. After 3 days of cocultivation, the cotyledons were placed so that the cut edges touched the selection medium (MS + 1 mg/L zeatin + 0.1 mg/L NAA + 50 mg/L kanamycin + 500 mg/L carbenicillin). The explants were transferred to fresh plates every 10 days. After approximately 3 weeks of cultivation, calli started to form, which were then excised from the cotyledons and put on the organogenesis medium (MS + 0.1 mg/L zeatin + 50 mg/L kanamycin + 500 mg/L carbenicillin) for shoot formation. Healthy shoots were later transferred to rooting medium (MS + 50 mg/L kanamycin), and those plants that formed roots were planted in soil and grown to maturity in a greenhouse. Plants of the T1 and T2 generations were selected by germinating seeds from the T0 and T1 generations on MS plus kanamycin.
Generation of an antiserum directed against TMP
The TMP protein sequence was subjected to an antigenic index analysis using the MacVector program suite. One region was selected as having a high surface probability and a positive antigenic index. A peptide (NH 2 -TALREYYNSNTLR-COOH) was synthesized as a MAP peptide by Research Genetics, Inc. (Birmingham, Ala). An aliquot of 0.5 mg of the peptide antigen in deionized water was mixed with an equal volume of Freund's complete adjuvant, and injected at several sites into a New Zealand white rabbit. Three weeks later a booster injection of 0.5 mg was given in incomplete adjuvant, and 2 weeks later the first immune serum was collected. Subsequent booster injections were given at 3-week intervals.
Anther protein extract preparation, immunoblotting, and zymogram analysis
In tomato, meiosis occurs when buds are approximately 3-4 mm in length, and microspores are observed when the buds are approximately 7 mm in length (Sawhney and Bhadula 1988) . For each transgenic plant, we generated a pool of anther protein extracts from at least 10 buds that were 4-7 mm in length. Equivalent numbers of similar-sized buds from each plant were used to generate these pools. Anthers were dissected from the buds, and protein extraction, SDS-PAGE (SDS-polyacrylamide gel electrophoresis), and immunoblotting were performed as previously described (DeGuzman and Riggs 2000) . The TMP antiserum was used at a final dilution of 1:500. An antiserum directed against histone H1 (Riggs 1994 ) was used at a dilution of 1:1500. Zymogram analysis, employing gelatin-impregnated gels, was conducted as previously described (DeGuzman and Riggs 2000) , except that gels were run at room temperature instead of 4°C. Following renaturation, proteinases were activated in a 0.1 M phosphate buffer (pH 7.0) overnight at 37°C. Proteinase activity was observed as clear bands in a blue background after staining with Coomassie Brilliant Blue R250 and destaining.
Results
LIM9 is a serine proteinase originally isolated from the naturally synchronous meiocytes of L. longiflorum (Taylor et al. 1997) , and the cDNA has been cloned by a subtractive hybridization approach (Kobayashi et al. 1994) . Because knowledge of its genetics is nearly nonexistent, and as L. longiflorum does not lend itself to transformation-regeneration for transgenic studies, we sought to develop a companion plant system, so that the role of LIM9 might be tested directly. Tomato was selected, as its genetics are well established, the generation of transgenic plants is possible, and microsporogenesis is readily studied in the large floral buds. Preliminary DNA gel blot studies indicated that the tomato genome contains sequences that cross-hybridize with a LIM9 probe at high stringency, and we therefore screened a tomato genomic library for a tomato cognate. Several positive clones were identified, and one that gave the strongest hybridization signal was subcloned for molecular analyses. Subsequent DNA gel blot analysis with the tomato gene revealed a single gene in the tomato genome (see Fig. 3 ). We determined that the tomato gene was very similar to LIM9, and also employed 5′RACE with gene-specific primers to clone the cDNA. Comparison of the genomic and cDNA sequences revealed a gene composed of nine exons. The genomic and cDNA sequences have been assigned the GenBank accession numbers LEU80583 and AF181496, respectively. Figure 1 illustrates a pairwise alignment of the tomato protein and LIM9. The conceptualized protein is 76% similar (61% identical) to LIM9 and, because it is expressed only in anthers undergoing microsporogenesis (see below), we conclude that this gene is the tomato cognate of LIM9. We have elected to call the tomato gene TMP (tomato meiotic proteinase). The primary translation product is predicted to have a mass of 86 kDa. It contains a hydrophobic amino terminus, suggesting that it enters the secretory pathway, and it is identical to LIM9 in the region where proprotein processing occurs. If TMP is processed in the same fashion, a 72-kDa protein would be produced. Immunoblotting revealed that TMP migrates with an apparent mass of approximately 68 kDa, indicating that cleavage of the primary translation product does occur (see also Fig. 4A ). While LIM9 is modified by the addition of glycans (Taylor et al. 1997) , the size of TMP indicates that, if it is modified in this way, the glycans must be simple and do not contribute significantly to the mass of the protein. Four regions containing residues conserved among subtilisin-like serine proteinases are also conserved at Asp148, His227, Asn333, and Ser590.
RNA gel blot analyses were conducted to examine TMP gene expression. Figure 2 shows that a TMP probe detected a transcript of 2.8 kb, and that this transcript was found only in anthers undergoing microsporogenesis. Mature anthers did not give rise to a signal (lane MA in Fig. 2 and data not shown). The filter in this experiment was simultaneously probed with TMP and a tomato histone H1 gene probe (Jayawardene and Riggs 1994) , the latter serving as a loading control. Although H1 is expressed only in mitotically active cells and is not uniformly expressed, it is clear that all RNA samples contain hybridizable RNA. This pattern of TMP hybridization parallels that found for LIM9 (Kobayashi et al. 1994) .
To elucidate the role of TMP, we employed antisense gene technology. RT-PCR was used to isolate a cDNA, and the first 1.1 kb of the TMP cDNA was linked in an antisense orientation to the TMP promoter. Despite the fact that TMP is a member of a large family of tomato proteinases (Meichtry et al. 1999) , homology is quite limited, even at the protein level, and none of the other members of the family would be expected to be silenced by this antisense mRNA. The chimeric gene was cloned into a binary vector and was used to transform tomato cotyledons to kanamycin resistance. Over 30 primary transgenics were generated but none exhibited obvious phenotypic defects. We therefore took these plants through two additional generations, each time selecting seeds on kanamycin-containing medium, with the rationale that homozygotes would be more likely to exhibit defects. Again, none of the T2 plants were abnormal. We sought to determine if, in fact, the plants contained intact copies of the transgene and whether the presence of the transgene reduced TMP-protein levels. 2 . TMP is expressed only in anthers undergoing microsporogenesis. Total RNA was prepared and subjected to RNA gel blotting and simultaneous hybridization with a TMP probe and a probe representing tomato histone H1 (Jayawardene and Riggs 1994) . The H1 gene gives rise to a 1.3-kb mRNA only in cycling cells, and is included to demonstrate that hybridizable RNA exists in all lanes. The TMP gene gives rises to a 2.8-kb mRNA only in young anthers that are undergoing microsporogenesis. Numbers on the ordinate represent size standards in kilobases. Lane designations: YA, young anthers from buds 3-6 mm long; MA, mature anthers from buds 6-9 mm long; LF, leaves; PT, petals; RT, roots; ST, stems. Figure 3 shows a DNA gel blot analysis of wild-type DNA and of several selected transformants. Wild-type DNA restricted with DraI gives rise to two hybridizing bands of 1.4 and 2.5 kbp, as DraI cuts within the coding region. For the transgene construct, a single DraI site is located in the promoter near the transcription start site and, thus, each hybridizing band of greater than 1.1 kb is indicative of a single integration site. Plants 14 and 21 are single-site insertions; plant 1 is likely a tandem insertion, as the hybridization signal is nearly twice as intense as that generated by the endogenous TMP gene; plant 9 has three insertions and plant 23 has four insertions (as well as one truncated insert). Thus all the transgenics contain at least one unrearranged transgene.
To ascertain if the antisense approach actually inhibits TMP production, we generated an antiserum against a synthetic peptide of TMP and performed immunoblotting on anther extracts from both wild-type and transgenic plants. Figure 4A shows the developmental profile of TMP, as determined by immunoblotting of wild-type anthers from buds of increasing size. There is little or no detectable TMP in anthers of buds less than 3-4 mm long, wherein meiosis is just beginning. Expression of TMP peaks in buds 5-7 mm long, and dramatically declines as meiosis concludes when buds are approximately 7-8 mm long. Figure 4B shows an immunoblot of anthers from the antisense lines and two wild-type controls. Plants 9, 14, and 21 gave rise to similar amounts of TMP, but at reduced levels (approximately 20% of the wildtype level). Plant 23 contains only about 10% of the wildtype level of TMP, and no TMP was detected in the anthers of plant 1. Other independent transgenics exhibited no reduction in TMP levels (data not shown). Coomassie Brilliant Blue staining of gels revealed that all the extracts contained undegraded polypeptides (data not shown), and an antiserum directed against histone H1 was employed to show that similar amounts of protein were loaded per lane (Fig. 4C) .
We then asked what morphological characters might be affected by TMP and focussed our analyses on the production and release of viable pollen. All the transgenics showed no significant differences in pollen set, pollen viability, pollen shape, or fecundity. One possibility that is difficult to explore is the timing of tapetal-cell dysgenesis and the dehiscence of pollen. Because of the lack of synchrony of the developing pollen grains and the fact that there are no obvious morphological landmarks for accurate assessment of staging, a short developmental delay in these events as a result of little or no TMP cannot be discerned from the normal variation that occurs. One of the transgenics had no detectable TMP and, if truly a null mutant, then the absence of TMP in this plant and a reduction in TMP levels in the other antisense plants might be compensated for by other proteolytic activities. Figure 5 shows a zymogram analysis of neutral proteinase activities in developing anthers. Anthers at all stages of development contain one or more proteinases in the 60-to 70-kDa range, and activity increases as development proceeds. Mature anthers containing pollen but that have not yet dehisced exhibit additional activities at 170, 80, and 62 kDa. Extracts from the transgenic plants gave identical zymogram Genome Vol. 44, 2001 Fig. 3 . DNA gel blot analysis of TMP antisense transgenes. DNA from untransformed plants (U) and several transformants (numbers) was restricted with DraI and subjected to DNA gel blot analysis with a TMP probe. A DraI site exists within the TMP gene, generating two hybridizing fragments in wild-type plants. The transgene construct contains a single DraI site near one end of the probe region and, thus, each hybridizing band of more than 1.1 kb represents a distinct integration event. Numbers on the left represent size standards in kilobase pairs. Fig. 4 . TMP levels in wild-type and antisense plants. (A) Immunoblot of anther extracts during development. Anther protein extracts were prepared from a range of bud sizes (indicated as lane numbers) and subjected to SDS-PAGE and immunoblotting. TMP is below the threshold of detection until meiosis begins in buds approximately 4 mm long, reaches a peak during late microsporogenesis (buds 5-7 mm long), and is turned over by the end of microsporogenesis. Numbers on the ordinate represent size standards in kilodaltons. (B) Immunoblot of anther extracts from buds (4-7 mm long) of antisense lines with the TMP antiserum. (C) Immunoblot of anther extracts of buds (4-7 mm long) of antisense lines with an antiserum directed against histone H1 (Riggs 1994) . Transgenics are designated with a number as in Fig. 3 and two separate wild-type plants are shown as controls (U1 and U2). Note that transformant 1 has no detectable TMP, while other transgenics exhibit moderate to marked reductions in TMP levels.
profiles (data not shown). No TMP can be detected by immunoblotting in buds less than 3 mm long; TMP concentration increases to reach a maximum in buds approximately 5-7 mm long, and then TMP levels fall dramatically by the 9 mm long bud stage (see Fig. 4A ). As the activity of the 60-to 70-kDa proteinases does not increase in proportion to TMP, and because no TMP can be detected in mature anthers in which the activity of the 60-to 70-kDa proteinase(s) does not diminish, we infer that TMP accounts for only a small percentage of the total proteinase activity in developing anthers. Thus it is possible that a TMP null mutant could be physiologically normal, as other proteinases could functionally compensate for its absence.
Discussion
We have cloned the tomato cognate of the LIM9 proteinase, which we have termed tomato meiotic proteinase (TMP). TMP transcripts were detected only in anthers undergoing meiosis, and TMP accumulates as microsporogenesis proceeds, an expression profile which parallels that found for LIM9 (Kobayashi et al. 1994; Taylor et al. 1997) . TMP is a divergent member of a family of putative proprotein convertases (PCs) of tomato. Meichtry et al. (1999) reported the presence of at least 15 different family members that can be divided into five distinct subfamilies. They most closely resemble the prokaryotic enzyme subtilisin, and are thus members of the subtilase clan. Several of these genes are expressed in response to pathogen attack and in response to treatment with salicylic acid (Tornero et al. 1996; Jorda et al. 1999) , while others are expressed in one or more tissues of the plant (Meichtry et al. 1999 ). All tomato subtilases resemble mammalian PCs, in that they possess a multidomain structure that consists of an N-terminal signal peptide, a putative proprotein processing site, and the conserved regions important for constitution of the serine proteinase active site (Gensberg et al. 1998) . Of the 15 tomato genes, only TMP was found to possess introns.
The primary translation product of the TMP gene is predicted to have a mass of 86 kDa, but the mature protein, identified by specific antibodies, migrates with an apparent mass of only 68 kDa. Our previous work demonstrated that the L. longiflorum cognate of TMP, LIM9, undergoes a processing event to generate a mature N terminus beginning with two threonine residues (Taylor et al. 1997) . These threonines are conserved in all 15 tomato proteins, and direct protein sequencing has shown that one of these, P69, also undergoes processing at this site (Fischer et al. 1989) . Thus, TMP is likely processed at this site in vivo. Such a processing event would generate a polypeptide of 72 kDa. It has been recently shown that another member of the tomato subtilase family, LeSBT1, undergoes an additional processing step, wherein a 73-kDa form is cleaved to yield a 68-kDa protein, a modification that was correlated with zymogen activation (Janzik et al. 2000) . TMP might be processed in a similar manner to generate the 68-kDa protein we observed. The LIM9 protein undergoes extensive modification as it moves through the secretory pathway, acquiring both high-mannose and complex glycans (Taylor et al. 1997) . TMP has six consensus (Asn-X-Ser/Thr) sites for glycan addition, three of which are conserved in LIM9. If TMP is glycosylated the glycans are likely very small. Only LeSBT1 has been tested for the presence of glycans, and none were detected in the baculovirus-expressed protein (Janzik et al. 2000) . As insect-cell-produced LeSBT1 exhibits proteolytic activity, glycans are apparently not required for proper enzyme conformation-function, at least in LeSBT1. Meichtry et al. (1999) speculate that some of the tomato subtilases are PCs. By analogy to the mammalian PCs, which cleave carboxy-terminal to paired basic amino acids, TMP contains an oligobasic sequence near the putative processing site (KMKK found at -2 to -5 relative to the two invariant threonines). Thus, TMP might resemble the mammalian enzymes in substrate specificity, but we have not been able to test this hypothesis. Neither LIM9 nor TMP produced in Escherichia coli (at the mature N terminus, beginning with the two invariant threonines) were active proteinases (data not shown). Bonner and Dickinson (1989) conducted extensive cytological experiments to elucidate the structural changes that accompany tomato anther development and pollen dehiscence. These authors conclude that specific structural events and subsequent mechanical stress result in both the fusion of adjacent locules and the opening of the anther at the stomium. In tomato, only a small percentage of the anther cells are targeted for apoptosis, and both biochemical changes and physical stress are components of dehiscence. For introsely dehiscing plants such as tomato, the dehiscence process releases pollen into the central cavity of the flower, supporting self-pollination.
We have used an antisense approach, to attempt to ascribe a role for TMP in microsporogenesis and pollen develop- . Zymogram analysis of neutral proteinases during tomato anther development. Five micrograms of protein extracts from wild-type anthers were subjected to zymogram gel analysis using gelatin-impregnated gels. The lane designations given are bud lengths. Following electrophoresis, the gel was incubated in activation buffer, stained with Coomassie Brilliant Blue R250 and then destained. Proteolytic activity is visualized as clear bands in a dark background. Note that several proteinases exist and that proteinase activity increases as anther development proceeds. Numbers on the ordinate represent size standards in kilodaltons.
ment. Despite the fact that some of the transgenics produced little or no detectable TMP, the plants were capable of undergoing apparently normal microsporogenesis, producing viable pollen. Zymogram analyses indicate that multiple proteinases exist in tomato anthers. Based on its similarity to LIM9 and our zymogram analyses of LIM9 (Taylor et al. 1997) , we infer that TMP is active under the conditions used in these experiments. These data are consistent with TMP being a minor proteinase, and its activity might not be crucial for normal microsporogenesis. Other proteinases could compensate for the absence of TMP. Alternatively, weak residual expression of TMP (below the threshold of immunoblot detection in the case of transgenic 1) might be sufficient to fulfill its normal role, or it may have a role in a process that we did not test (e.g., in pathogenesis). Zymogram analyses revealed no differences in the proteinase profiles in wildtype and TMP antisense plants, indicating that TMP normally accounts for a small percentage of the total proteinase activity. The maturation of tomato pollen may be delayed in these plants but, if this occurs, it is masked by the normal variation in pollen maturation. An antisense approach for one of the other (major) proteinases might have biotechnological extensions. If dehiscence could be delayed, this could override the temporal coordination of dehiscence with the maturation of the stigma and promote outcrossing. However, such an endeavor seems unattractive in the light of other strategies that have been used to induce controlled male sterility for hybrid-seed production (e.g., Beals and Goldberg 1997) . The use of a temporally delayed strategy might, however, prove useful in promoting self-pollination in plants in which the stigma is not receptive until after dehiscence has occurred.
